separate species [12] but that additional phenotypic characteristics that differentiate the 66 subgroups should be identified [8] . 67 In 2019, Vaneecoutte et al. [13] formally proposed the emendment of the species 68 G. vaginalis, and defined three new species: G. piotti, G. swidsinskii and G. leopoldii, based 69 on comparison of whole genome sequences, biochemical properties and matrix-assisted 70 laser desorption ionization time-of-flight (MALDI-TOF) mass spectrometry analysis. The 71 species could not be resolved using 16S rRNA gene sequences [13] . In addition to these 72 four species, the authors also defined nine additional "genome species" based on whole 73 genome sequence comparisons. These additional genome species were not named or 74 formally described, presumably due to a lack of sufficient numbers of isolates to make a 75 strong case for their designation. 76
Given the apparent significance of Gardnerella spp. in the vaginal microbiome, 77 resolution of these species in metagenomic samples and association of their presence and 78 abundance with clinical outcomes is critical. We have already demonstrated that 79 amplification and sequencing of the cpn60 barcode can be used to resolve cpn60-defined 80 subgroups A-D in vaginal samples, and demonstrated that their differential abundance can 81 be used to reveal previously unreported community state types [14] . The objectives of the 82 current study were to determine if cpn60 barcode sequences could differentiate the newly 83 defined species and genome species of Gardnerella, to investigate their distribution in a 84 collection of 417 previously sequenced vaginal microbiome profiles, and to identify 85 associations of Gardnerella spp. with vaginal symptoms. Our results confirm the resolving 86 power of the cpn60 barcode sequence and reveal significant co-occurrences of Gardnerella 87 spp. in the vaginal microbiome that have implications for diagnostics for women 's health, 88 and for our understanding of vaginal microbial ecology. 89 90 Methods 91
Gardnerella cpn60 sequence analysis 92 cpn60 universal target sequences from 52 Gardnerella species representing the four 93 named species (G. vaginalis, G. piotti, G. swidsinskii and G. leopoldii) and nine additional 94 genome species described by Vaneechoutte et al. [13] were retrieved from cpnDB 95 (www.cpndb.ca, [15, 16] ) and aligned using CLUSTALw. Inter-species nucleotide 96 sequence similarities were calculated using dnadist within PHYLIP [17] . A bootstrapped 97 phylogenetic tree was calculated using seqboot, dnadist (maximum likelihood option), and 98 neighbor. The type strain of Alloscardovia omnicolens (DSM 21503) was included as an 99 outgroup. The consensus tree was computed with consense and branch lengths applied with 100 fitch. The tree vas visualized using FigTree (v1.4.2) . 101
Identification of Gardnerella spp. in vaginal microbiomes of Canadian women 102
cpn60 barcode sequence data, Nugent scores and self-reported symptom data from 103 previously conducted studies by the VOGUE Research Group of the vaginal microbiome 104 composition of non-pregnant, reproductive aged Canadian women recruited from clinics 105 in greater Vancouver, Canada area were used in the current sub-analysis. These included 106 healthy women (n=310), women living with HIV (n=54) and women who had at least four 107 self-identified episodes of vulvovaginitis in the past 12 months (n=53). DNA extraction, 108 cpn60 barcode PCR, library preparation and sequencing of amplicons are described in [14] . 109
Amplification primer sequences were removed using cutadapt, followed by quality 110 trimming with trimmomatic (quality cut-off 30, minimum length 150 
Co-occurrence and cluster analysis 118
For the following analyses we removed four samples with total sequence reads 119 <500, leaving 413 samples. We determined pairwise co-occurences using the presence or 120 absence of each Gardnerella species or genome species in each sample. Presence was 121 indicated if the raw number of sequence reads in the sample was ≥10, otherwise the species 122 was marked as absent. We calculated a Jaccard index of similarity (J) [21] for each pairwise 123 combination and compared these to a probabilistic null model of species co-occurrence that 124 takes into account observed frequencies to determine significance [22, 23] 
(Supplemental 125
File 1). P-values were Benjamini-Hochberg (BH) corrected to a false-discovery rate = 0.05 126 [24] . Jaccard dissimilarities (1-J) were used to cluster the species using complete-linkage 127 hierarchical clustering implemented in the vegan package for R [25] . 128
Comparisons of clinical data and relative abundance 129
Relative abundances were calculated using the centre-log-ratio transformation as 130 implemented in the ALDEx2 package [26] and propr package [29] . We compared clr 131 abundance among categories of clinical variables using Kruskal-Wallis tests. Significant 132 omnibus tests were followed up with Dunn's post-hoc tests with BH adjusted p-values. For 133 this analysis, the sample size was reduced to 395 for which we had concurrent Nugent 134 scoring data, and 393 for which we had self-report symptom data. 135 136
Results and Discussion 137
Resolution of Gardnerella spp. based on cpn60 universal target sequences 138
The four named Gardnerella spp. were resolved in the cpn60 phylogenetic tree 139 based on an alignment of the 552 bp "universal target" sequence barcode ( Figure 1) , with 140 good bootstrap support for nodes separating the species. G. vaginalis (genome sp. 1) 141 corresponds to the previously described subgroup C/clade 1. This observation is consistent 142 with previous demonstrations that cpn60 barcode sequences are generally excellent 143 predictors of whole genome sequence relationships among closely related bacteria [27, 28] 144 G. swidsinskii (genome sp. 6) and G. leopoldii (genome sp. 5) share a common 145 node in the tree, but are separated clearly with good bootstrap support. These two species 146 (represented by strains AMD and 5-1) were previously grouped together within cpn60 147 subgroup A/clade 4 based on the selection of isolates available for analysis at the time. included in subgroup B and it is noteworthy that several isolates examined by Schellenberg 156 found to be sialidase positive [8] . The characterization of additional isolates of genome sp. 158 3 and G. piotii will be necessary to determine if these groups should be combined. 159 Subgroup D/clade 3 was the most diverse in previous descriptions and so it is not 160 surprising to find that isolates previously identified as Subgroup D (strains 101, 1500E, 161 6119V5 and 00703Dmash) are separated into three genome species: genome spp. 8, 9 and 162 10. Complete characterization and possible naming of these three genome species, along 163 with genome spp. 2, 7, and 11-13 will require analysis of additional isolates to establish 164 differentiation by whole genome sequence and additional phenotypic characteristics. 165
Pairwise nucleotide sequence identities for the type strains of Gardnerella spp. and 166 representatives of the other nine genome species were calculated from the aligned 167 sequences (Table S1 ). Identities among the four type strains were from 87.1% (G. leopoldii 168 vs. G. piotii) to 97.8% (G. leopoldii vs. G. swidsinskii). When representatives of the other 169 nine genome species were included, percent identities for the 552 bp cpn60 barcode 170 sequence ranged from 84.2% (genome sp. 7 vs. genome sp. 2 or G. piotii) to 99.4% 171 (genome sp. 9 vs. genome sp. 10). No isolates had identical cpn60 barcode sequences. 172
Inter-specific cpn60 barcode sequence identities are known to vary widely among bacteria 173 genera so this range was not unexpected [15] . To investigate the resolving power of the 5' 174 and 3' ends of the barcode sequence that would be determined using routine next-175 generation sequencing protocols, we truncated the alignment to examine 250 bp of either 176 end of the barcode sequence. Average pairwise identities were 88.2% (range 83.2 -99.6) 177 and 91.3% (range 84.4 -99.2), respectively (Table S1 ). None of the species were identical. 178 expected given the uniform distribution of sequence variation along its length [9] . 180
Classification of Gardnerella sequence variants 181
One of the major advantages of use of the cpn60 barcode sequence for taxonomic 182 profiling of microbial communities is the ability to achieve species level classification of 183 sequence reads or assembled operational taxonomic unit (OTU) sequences routinely. While whole-genome shotgun metagenomics might provide resolution of Gardnerella 191 spp., this approach requires orders of magnitude more sequencing effort and much more 192 complex bioinformatics than amplicon sequencing. Based on the successful resolution of 193 13 genome species of Gardnerella described above, we next sought to discover if they 194 could be reliably detected and quantified in cpn60 amplicon sequence-based microbiome 195 profiles. 196 cpn60 barcode sequence data was available from 417 previously characterized 197 vaginal samples from non-pregnant, reproductive aged Canadian women. For the purposes 198 of the current study, exact sequence variants were identified using DADA2 and a truncation 199 length of 250 bp and variants were compared to the cpnDB_nr reference database [15] to 200 identify the nearest database neighbour. 201 some Gardnerella-like sequence variants and variants corresponding to all 13 Gardnerella 203 spp. and genome species were detected. The median sequence identity of variants to 204 reference sequences was 98.4%. Sample prevalence and proportional abundance ranged 205 widely among species (Table S2 ). For example, 68.4% (206/301) of Gardnerella positive 206 samples contained G. vaginalis and 49% (148/301) contained G. swidsinskii, but seven 207 genome species (2, 7-13) were detected in ≤10% of samples. The prevalence and 208 abundance patterns are generally consistent with previous descriptions of vaginal 209 microbiomes based on cpn60 barcode sequencing [14, [29] [30] [31] [32] or clade-specific quantitative 210 real-time PCR [33, 34] . There were 60 samples with at least 50% of their read counts 211 accounted for by Gardnerella spp., and 30 samples with at least 75% Gardnerella (Table  212 S2). 213
The number of Gardnerella spp. detected per sample ranged from one (109/301, 214 36.2%) to ten (3/301, 1%), although the majority (184/301, 61.1%) contained one or two 215 species ( Figure 2 ). Overall, multiple Gardnerella spp. were detected in 63.8% of samples, 216 consistent with a previous report of multiple Gardnerella "clades" in 70% of samples from 217 women with BV [33]. The prevalence and proportional abundance of Gardnerella spp. in 218 samples with >50% Gardnerella (n = 60) are shown in Figure 3 . In addition to the four 219 named species, genome sp. 3 was detected frequently and in relatively high proportional 220
abundance, in striking contrast to the rarely detected genome species 2, and 7-13. 221
The prevalence and abundance patterns we observed in these samples mirrors the 222 isolate and whole genome sequence collection used to provide evidence for the emendment 223
of Gardnerella and the designation of the new species [13] . Based on our experience, there 224 is no obvious bias in PCR amplification of Gardnerella lineages, and multiple 225 representatives of all previously defined cpn60 subgroups were readily amplified using 226 cpn60 "universal" PCR primers [8] . Furthermore, we have shown a strong correlation 227 between Gardnerella cpn60 sequence read counts in amplicon-based microbiome profiles 228 and abundances determined by Gardnerella-specific quantitative real-time PCR [29] . 229
Thus, it seems that some Gardnerella species are actually less prevalent and do not achieve 230 proportional dominance in the populations of women we have examined to date. 231
Elucidating the ecological mechanisms responsible for this differential "success" of 232
Gardnerella spp. will require further focused study. 233
Co-occurrence of Gardnerella spp. 234
Given the frequency with which women are colonized by multiple species of 235
Gardnerella, we were interested to determine if there are any consistent patterns of co-236 occurrence among species. Closely related species occupying similar environmental niches 237 might be expected to co-occur more frequently, and depending on resource levels, they 238 might also compete with each other. Raw correlations of read counts are not recommended 239 for assessing co-occurrence as they are biased in the context of the compositional nature of 240 amplicon sequence analysis [35] [36] [37] . Methods based on presence/absence, such as 241 Jaccard's index can be informative in this context and perform better than raw correlations 242 [22] . To determine whether taxa co-occur more or less often than expected by chance, a 243 reasonable null model for Jaccard's index is required. Traditional null models of co-244 occurrence have used randomizations and simulations, but have been shown to be biased 245 under many circumstances [38] . Therefore, we used a probabilistic null model of co-246 occurrence [23] , which performs well for microbial sequencing data [22] . In addition to 247 co-occurrence analysis using presence/absence, we also investigated proportionality of 248 species [36] on the center-log ratio transformed read counts using the 'propr' package [39] . 249
The results were very similar with G. vaginalis and G. swidsinksii showing clustering by 250 proportionality, as well as G. piotii and genome species 3. However, as there is currently 251 no agreed upon hypothesis testing method for proportionality, we used the 252 presence/absence data to determine significant co-occurences. 253
Significant co-occurrences were observed for several pairs of species, but there 254 were also many cases where species co-occurred only randomly ( Figure 4A , Table S3 ). 255
Among the most frequently detected species (G. vaginalis, G. swidsinskii, G. leopoldii, G. 256 piotii and genome sp. 3), the smallest pairwise Jaccard distances (i.e. the most samples in 257 common) were observed for G. vaginalis and G. swidsinskii, and G. piotii and genome sp. 258 3. ( Figure 4B ). G. leopoldii and G. swidsinskii did not occur together more often than 259 expected by chance, which is of note as both were previously labeled as subgroup A based 260 on cpn60 sequences and whole genome sequence comparisons relying on phenotypic characterization of isolates is that they focus only on the most readily 292 is inadequate since women are usually colonized by multiple species of Gardnerella. We 294 observed strong relationships between abnormal odour and discharge with higher relative 295 abundance of G. vaginalis and G. swidsinskii, but not with the other three species, although 296 there is a marginal relationship between discharge and genome sp. 3 (p = 0.02) (Table 1) . 297 G. vaginalis and G. swidsinskii co-occurred more often than expected by chance, and also 298 showed proportionality suggesting that they are correlated in abundance. Therefore, we 299 cannot be sure if it is just one species or both that is associated with vaginal symptoms. 300
Sialidase activity defines G. piotii [13] and is also observed for genome sp. 3 isolates [8], 301 however, these species were not associated with discharge nor were they the most strongly 302 associated with a BV diagnosis by Nugent score. This is likely due to the polymicrobial 303 nature of BV, and the fact that many other BV-associated bacteria produce hydrolytic 304 enzymes that may contribute to symptoms [46] [47] [48] . The lack of association of sialidase 305 positive Gardnerella spp. with symptoms is also consistent with the suggestion that some 306 types of Gardnerella may be important for "stage-setting"; establishing an anaerobic 307 environment and initial adhesion to the vaginal epithelium that lead to abundant growth of 308 other BV associated organisms, and the development of multi-species biofilms (reviewed 309 in [49] ). In these primary colonizers, hydrolytic enzymes and cholesterol-dependent 310 cytolysin (vaginolysin) may be more important in preparing the microbiome for secondary 311 expansion of populations of BV associated bacteria rather than acting as specific virulence 312 factors affecting the host. spp. abundance will also be important to evaluate natural or post treatment changes. In 332 future cohort studies, application of cpn60 barcode sequencing will provide new insight as 333 to whether Gardnerella spp. diversity and differential distribution are an explanation for 334 issues such as treatment failure and recurrent vaginal dysbiosis [34, 50] , or for the failure 335 of antimicrobial treatment in the prevention of preterm birth despite a strong association 336 between vaginal dysbiosis and preterm delivery [51] . 337 338 Declarations 340
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